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FOREWORD

This user's manual describes the computer code which was developed to predict
the leakage flow through labyrinth seals. This Design Model program was done
under Contract AF33615-80-C-2014 for Labyrinth Seal Analysis. This contract
with AT1ison Gas Turbine Division of General Motors Corporation was sponsored
by the Air Force Wright Aeronautical Laboratories, Aeropropulsion Laboratory,

United States Air Force, Wright-Patterson AFB, Ohio, with Mr. Charles W. Elrod
(AWAFL/POTX) as Project Engineer.

Technical coordination was provided by 1st
Lt. Keith C. Topham.

This report was submitted in four volumes in May 1985.
the development of the labyrinth seal Analysis Model.

Volume I summarizes

Volume II presents the
user's manual for the Analysis Model computer code. Volume III contains the

experimental results and summarizes the Design Model based on these empirical
data.

Volume IV, this publication, describes the computer code for the Design
Model.

Publication of this report does not constitute Air Force approval of the

findings or conclusions presented. It is published only for the exchange and
stimulation of 1ideas.
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1.0 INTRODUCTION

The purpose of this manual is to describe the capabilities, organization and
usage instructions for the computer program SEALKTK. This program calculates
the leakage and pressure distribution through labryinth seals based on a de-
tailed knife-to-knife analysis. Input data are required to describe in detail
the seal geometry and the environmental conditions affecting the leakage.
Output is provided in the form of leakage flow and flow resistance character-
jstics, i.e., flow factor versus pressure ratio. In addition, an optimization
feature is included which permits the user to identify global geometric con-

straints and allows the code to identify an optimum seal configuration based
on minimum leakage.

This volume, the USERS MANUAL, describes the Design Model with the basic equa-
tions referenced (Section 2.0), features of the Design Model computer program
SEALKTK (Section 3.0), the organization of the program, and the purpose and
function of each of the program subroutines (Section 4.0). In addition, this
manual includes a description of the required input and resulting output data,
and general features of the program (Section 5.0). Appendices are included

which give the Design Model correlation equatipns, sample input and output
data, and the program listing.

The program SEALKTK is written in FORTRAN IV language and has operated suc-

cessfully on the IBM computer at Allison Gas Turbine Division, and on the CDC
7600 computer at WPAFB.

NASA/CR—2003-212367 1



2.0 DESIGN MODEL DESCRIPTION

The labryinth seal Design Model is an expansion of the knife-to-knife (KTK)
analyses reported in the literature. In such approaches, one-dimensional flow
parameters in the knife throats are computed and linked together by a total
pressure loss calculation. Flow coefficients are used for individual knives
or groups of knives to account for the vena contracta in knife throats. Velo-
city head carry-over from upstream knives is accounted for by reducing the
head loss between knives based on the flow expansion angle.

The Design Model is similar to previous KTK approaches except that the loss

for each knife is broken down further into three losses as shown in Figure 1:

- contraction - stations 1 to 2 and 4 to 5
- venturi and friction - stations 2 to 3 and 5 to 6

- partial or full expansion - stations 3 to 4 and 6 to 7

This detailed pressure loss approach is consistent with current Allison Gas
Turbine design practices for internal flow systems for many types of flow geo-
metries. The three loss coefficients aid in understanding the effects that
each seal parameter has on the pressure drop across a knife. They reflect the
types of pressure drops that the flow experiences more specifically than a

knife flow coefficient used in previous KTK models. Specifically, the Design
Model consists of:

one-dimensional flow calculation at three locations for each knife

- calculation of the individual loss coefficient values from the
flow and geometric conditions

- correction of loss coefficient values due to the presence of ad-
jacent knives

- 1inking of the total pressure between stations based on the total
pressure drop from the loss coefficient and local velocity head

NASA/CR—2003-212367 2
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Figure 1 Seal loss zone schematic

Figure A-1 in Appendix A lists the basic flow equations used in the Design
Model.

Early in the development of the design model, knife loss coefficients were
specified in the input data. The loss coefficients were then corrected by ap-
plying the model to the data base. The corrected coefficients were correlated
against the independent seal parameters using a linear regression analysis.
This iterative process was continued until equations were obtained which, not
only, fit the data but were also physically relevant. The correlating equa-
tions were put into the model code and then the model accuracy was assessed by

comparing the calculated flow results with the flow results in the entire data
base.
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Detailed information about the Design Model is given in Ref. (9) and is sum-
marized in the following paragraphs. This includes a discussion of the param-

eters considered and the model development for single knives, straight seals
and stepped seals.

2.1 PARAMETERS CONSIDERED

Based on the literature survey and previous experience at Allison, Ref. (9),
the parameters selected for consideration in the Design Model were those listed
in Table 1. Schematics are given in Figures 2 and 3 which define these param-
eters. The effect of rotational speed was not included because of the lack of
accurate, and complete experimental data for labyrinth seals at knife tip
speeds typical of those found in gas turbine engines.

The parameters listed in Table 1 were incorported into the model to define the
seal geometry. The geometric parameters were combined to obtain the data cor-
relations in a manner that would make the correlations physically relevant.
The ranges of these geometric parameter combinations in the data base are
given in Table 2. The Design Model is valid primarily within these ranges.

CL
LAND

\ .
KT —> “\-‘— M

KH

ROTOR

Figure 2 Seal nomenclature for straight seals
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Figure 3. Seal nomenclature for stepped seals

Table 1.

Parameters in the Design Model

Geometric parameters for straight and stepped seals

Knife height (KH)

Knife pitch (KP)

Number of knives (KN)

Knife angle (Keo)

Knife tip thickness (KT)

Knife taper angle (KB)

Knife tip leading edge radius (KR)
Clearance (CL)

Surface roughness (e)

000000 O0OO0OOo

Additional parameters considered for stepped seals

o Step height (SH)
o Distance to contact (DTC)
o Flow direction (LTSD or STLD)

Flow parameters

Overall pressure ratio (PR)
Inlet stagnation pressure (Py)

Fluid temperature distribution (T)
Flow rate (w)

© o0 O O
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Parameter

KN

KT/CL

Ke

KH/CL

KP/CL

e/(2CL)

SH/CL

DTC/CL

(KP-KT)/CL

NASA/CR—2003-212367

parameter ranges of data in labyrinth seal data base.

Table 2.

min
max

min

max

max

min

max

max

min

max

Seal type
Single Straight
knife seal

1

1 12
0.21
3.3 4.4
30 60
90 90
- 2.1
- 31.3
- 4.0
- 56.3
0 0
0 0.030

- 3.
- 55.0

Stepped seal

STLD dir.

0.21
2.64

50
90

5.1
29.4

6.4
53

2.0%
29.4

0.85
40

6.2
51.8

LTSD dir.

0.50
1.50

50
90

5.1
28.0

9.2
40

0.030

4.0
12.5

4.1
19.4

8.9
38.5



2.2 SINGLE KNIFE

Analyzing flow data for a single knife affords the advantage of isolating the
individual knife losses from the influence of adjacent knives. For the Design
Model approach the three loss coefficients for the knife were separated using
overall flow characteristic data. This was done by first noting that the ex-
pansion loss (Ke) would be unity because of the complete expansion down-
stream of a single knife. The other two loss coefficients, contraction (Kc)
and venturi with wall friction (va), were separated by considering data

from several authors who varied the leading-edge sharpness and the thickness
of the knife tip independently. It was assumed that the leading-edge radius
affected only Kc and that the knife tip thickness affected only va. The
resulting correlations for Kc and va are given in Figures A-2 and A-3 in
Appendix A. In these correlations, the local flow factor, ¢, is an indepen-
dent parameter. Several values for knife tip radius (KR) are listed in Figure
A-2 from the five data sources.

Single knife flow data for slanted knives were also analyzed to determine the
effect of knife angle. Figure A-2 gives the results. For K& < 90 deg, it
was found that a parametric function of Ke added to Kc for a 90 deg knife
gave the best fit of the data. For Ke > 90 deg, i.e., KB = 0, data from

Idel'chick (1) indicated that a multiplier applied to KC for a 90 deg knife
would be the most appropriate.

The relationships for the three loss coefficients as summarized in Figure A-2
represent one approach that could be taken to correlate overall flow charac-
teristics of single knife data. In combination, they accurately define the
overall flow characteristics for the data sources and parameter ranges con-
sidered. The individual correlations involve the interactions of seal geometry
with the flow parameters in a physically realistic way so that the overall re-
sults are valid for interpolated and some limited extrapolated data.

NASA/CR—2003-212367 7



2.3 STRAIGHT SEALS

Multiknife seals are analyzed in the Design Model by linking the triplet losses
for each knife in series so that a seal has a total of 3 times KN losses. The
overall pressure loss is a summation of the individual total pressure losses.
The losses are calculated sequentially starting with the known inlet pressure
because the loss coefficients and Mach number are functions of the local total
pressure through the parameter ¢. For a straight seal, there is a carry-over
of the velocity head from one knife to the next. This carry-over affects the
va and Ke of the upstream knife and the Kc and va of the downstream

knife. Thus, all the loss coefficients of a multiknife straight seal are in-
fluenced except the KC of the first knife and the Ke of the last knife.

The approach followed in multiknife seals is to determine the three Toss coef-
ficients for a given knife location from single knife correlations (Figure A-2)
and then correct them for the influence of adjacent knives. The correction is
based on the characteristics of the expansion angle of the jet discharging
from the clearance gap over a knife. This approach has been discussed by
Abramovich (2) and utilized by Komotori and Miyake (3) in their KTK model.
Figure A-4 shows a schematic of a straight seal with the expansion angle, «,
defined. The flow expands until it impinges on the front edge of the next
knife. The maximum downstream flow height is CL + & so that the expansion -
area ratio is (CL + 8)/CL instead of (CL + KH)/CL if the next knife were not
present. This jet expansion ratio not only represents the amount the flow ex-
pands from the upstream knife but also the contraction into the downstream
knife gap. The equations for & in terms of a and the other geometric
parameters are given in Figure A-4.

To incorporate the effect of a on the three loss coefficients, relationships
given in Figure A-5 were used which are recommended in the literature (4) for
various types of losses. The ratios Ao/Al and AO/A2 are simply the

ratio CL/(CL + &) relative to the upstream and downstream sides of a given
knife, respectively.

NASA/CR—2003-212367 8



The expansion angle, in general, will vary from knife to knife because the
pressure ratio varies. This was observed in the flow visualization test re-
sults. This expansion angle variation however was not modelled because of the
Jack of good, complete seal data with interknife pressure data. Future Design
Model development could be done to include variation through the seal based on
results from Analysis Model calculations and/or test data.

The equations in Figures A-4 and A-5 were incorporated into the Design Model
with « as an input value. Results were then obtained for the straight seal
geometries in the data base using a range of a values. Comparing model re-
sults with the test performance data yielded the correct o values. Table 3
summarizes the range of values obtained from the various data sources. The

a range obtained from Komotori's data (3) compares well with the value of 6
deg reported in a discussion of their paper. A linear regression analysis was
performed on the o results. The equation obtained is given in Figure A-6.

Table 3.

Expansion angle («) determined by correlation.

o Caunce and Everett, 6 knife = 6 - 8 deg
o Komotori 2, 4, 8, and 10 knife = 4 - 6 deg
o AGT 4 knife = 2 - 4 deg
o AGT 8 knife = 4 - 5 deg
o AGT 4, 5 knife slanted = 2 - 4 deg

NASA/CR—2003-212367 9



The effect of land roughness was included in the model by adding a frictional
head loss term to the venturi with a wall friction loss coefficient (Kf) in
the model for a smooth land (see Figure A-6). Also, the flow area in each
knife throat was increased to account for the increase in clearance due to the
land roughness. The frictional head loss coefficient was determined from pub-
lished rough-pipe turbulent flow friction factor correlations and a length

equal to the knife pitch for knives 2,3, and equal to knife-tip thickness for
the first knives.

2.4 STEPPED SEALS

Stepped seals are designed to minimize carry-over from one knife to the next.
Accordingly, one model approach could be to simply derive a new correlation
for the expansion angle in terms of cavity dimensions. This method however is
not acceptable because stepped seals flow both more and less than equivalent
straight seals without carry-over depending primarily on the clearance. An

expansion angle approach can only account for a flow equal to or greater than
that without carry-over.

Physically, the flow between knives in a stepped seal does carry-over some of
the velocity head to the next knife. But while the intervening flow path djs—
sipates some of the velocity head it also affects how the flow enters the next
knife and thereby influences the loss coefficients of that knife. The complex
flow patterns involved would make correction correlations to the loss coeffi-
cients difficult to determine accurately. Consequently, a simpler approach
was taken to introduce an area correction factor (XMUL) for a knife throat
downstream of a step. This factor is a multiplier on the flow area and can be
less than or greater than unity. It accounts for carry-over, additional pres-
sure loss in flowing between the knife face and step which is important for

small distances to contact (DTC), and flow distortion into the next knife
throat. |

NASA/CR—2003-212367 10



A correlation for XMUL was obtained through a procedure similar to that fol-
lowed for o for straight seals. Model results were calculated for stepped
seal configurations in the data base for a range of inputted XMUL values.

Comparing these results with test data yielded the correct XMUL value. The
area multiplier was found to vary from 0.55 to 1.32. A correlating equation
for XMUL in terms of the various geometric parameters was derived using a
linear regression analysis. This was done first for STLD flow direction,
backward facing stator steps, because there were 62 configurations for STLD
flow direction compared to 15 for LTSD flow. A correlation for the LTSD flow
direction was obtained by comparing the STLD equation to the LTSD data and de-
riving a correction expression. This approach gives the best chance to extra-
polate the narrower parameter ranges for the LTSD data. Figure A-7 gives the
two correlating equations for XMUL and respective parameter ranges.

Roughened surface land effects for stepped seals were handled in the model us-
ing a procedure similar to that used for straight seals, i.e., adding a fric-
tion head loss term to va for a smooth wall plus increasing the throat area
due to roughness. However, the length of the roughened passage was taken to

be the knife-tip thickness to give the best agreement'between the model and
test data.

2.5 DESIGN MODEL OPTIMIZATION

The Design Model is an abbreviated analysis tool. Design is typically accomp-
lished using this model by: (1) determining the overall design constraints,
(2) selecting the allowable range of each parameter to meet design and model
constraints, (3) using the Design Model to calculate the leakage flow rate for
a matrix of possible seal configurations, and (4) optimizing the seal design
from the performance matrix, i.e, finding the seal geometry with the lowest
leakage. This process has been automated by coupling the Design Model with a
numerical optimization algorithm. As a result, a minimum amount of input in-
formation is needed to optimize a seal configuration using the Design Model.
In this section of the report, a brief description will be given for the
parameters considered in the optimization algorithm.

NASA/CR—2003-212367 11



2.5.1 Optimization Parameters

The parameters considered in the optimization code are listed in Table 4. The
parameters are of three types: (1) input parameters which define the seal
configuration but are not optimized, (2) optimized parameters, and (3) con-
strained correlation parameters. The input parameters are not optimized be-
cause of their nature (T, P], PR) or the design defines their value (CL,

KR, Ke, L , H , DTC, DIA, KP ). The parameters L and
max’ max min ma
Hmax are optional and constrain the calculations only if inputted. The

optimized parameters listed in Table 4 are of two types: continuous and dis-
crete. These types are handled differently by the optimization algorithm.
The third type of parameter constrains the selection of the best design so
that the various correlations in the Design Model are not extrapolated.

NASA/CR—2003-212367 12



Table 4.
Design model optimization parameters

Input Parameters Optimized Parameters

Strajght and Stepped Seals

Clearance (CL)
Temperature (T)

Inlet total pressure (PU)
Pressure ratio (PR)

Knife radius (KR)

Knife taper angle (KB)

Continuous Variables

Knife height (KH)

Knife pitch (KP)

Knife tip thickness (KT)
Knife angle (Ke)
Roughness (¢)

Step height (SH)**

Maximum axial length (L _ )*
max
Stepped Seals Only Discrete Variables
Maximum seal height (Hmax)* Seal type (straight, stepped)

Distance to contact (DTC)
Maximum or minimum diameter (Dma
Minimum knife pitch (Kpmin)

(= 2X maximum allowable axial travel)

Number of knives (KN)

D Flow direction (LTSD, STLD)**

min)

’

X

*

Optional
** Stepped seals only

Constraining Correlation Parameters

Straight Seals Stepped Seals

KT/CL KT/CL
Ko Ko
(KP-KT)/KH (KP-KT)/KH
(e - 30)/CL DTC/CL
SH/CL
KH/CL
(e - 30)/CL

NASA/CR—2003-212367 13



2.5.2 Optimization Algorithm

Determining the best seal design is an iterative selection procedure

which is the subject of a branch of mathematics known as optimization theory.
The characteristics of the problem solved determine the type of theory; the
most general is nonlinear constrained optimization. 1In this case, a nonlinear
objective function is optimized with respect to the design requirements, also
called independent variables or parameters, that are subject to equality or
inequality constraints which are also nonlinear functions of the independent
variables. The method selected for the Design Model Optimization code in-
volves the use of a penalty function to convert the constrained optimization
problem into an unconstrained one which is solved using the Fletcher-Power-
Davidon variable metric method. This algorithm includes a parabolic cubic
spline fit search routine to locate the optimum. This approach is reliable
even for erratic functions often encountered in design problems.

The optimization algorithm described applies only to continuous variables,
i.e., the first six optimized parameters listed in Table 4. The discrete
variables were optimized by trial and comparison in which the entire matrix of
these variables is considered. The code performs the continuous variable
optimization for each set of discrete variable values and the overall optimum
design is selected from the individual optimum designs.

Constraints have been included in the algorithms to ensure that the optimized
seal configuration satisfies the design requirements. The constraints imposed
are given in Table 5. Constraints on the discrete variables (KN, seal type,
and flow direction) simply 1imit the matrix of values considered in the trial
and comparison procedure. Constraints on the other variables are imposed by
adding inequality penalty functions to the functions being optimized. A
penalty function edua]s zero if the design meets a given contraint. It is
greater than zero if the constraint is violated and the penalty varies para-
bolically with the magnitude of the violation. Each continuous variable con-

straint has one penalty function associated with it.
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Table 5.
Constraints imposed in Design Model optimization code.

*
Overall length (Lmax)

1 *
Overall height (Hmax)

Minimum and maximum limits for all optimized parameters, i.e.,
KH, KP, KT, Ko, e, SH, KN** seal type**, flow direction**

Minimum and maximum limits for correlation parameters to avoid
extrapolation beyond data ranges in the data base, i.e.,

KT/CL, Ke, (KP-KT)/KH, DTC/CL, SH/CL, (e - 30)/CL

* Optional constraints

** Discrete variable constraints not imposed by inequality penalty functions
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3.0 COMPUTER PROGRAM FEATURES

The Design Model computer program described in this report has several features .
to enhance its use. The program can be run in an analysis mode by defining
the labryinth seal geometry to be considered and executing the program. Also,

the program can be run in an optimization mode by defining certain parameters
and letting the program determine the optimum values for the remaining ones.

The first mode will be referred to as the Design Model code and the second one
as the Design Model Optimization code. Various features of these two parts
will be described separately in the following paragraphs.

3.1 DESIGN MODEL CODE FEATURES
Features available in the Design Model code include:

o The input is abbreviated where possible.

o An override is available for many of the loss coefficient parameters.

o A function loss is available instead of, or in addition to, the three loss
coefficients.

o Straight seals, stepped seals, or a mixed combination of the two can be
analyzed. (Steps can be for either increasing or decreasing diameter.)

o Geometric parameter values can be varied from knife to knife.

o Two dimensional or three-dimensional seals can be analyzed. (Calculations
for two-dimensional seals are important to compare model results with non-

rotating labyrinth seal rigs that utilize a rectangular test section).

o Various calculation options can be selected. The program can calculate:
o seal pressure distribution for a given flow rate

o seal pressure distribution and flow rate for a given overall pressure
ratio

o a flow characteristic curve (¢ versus PR)
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o a flow characteristic curve can be punched out for input to plotting rou-
tines or to flow network solution codes.

o a summary is printed out of the various parameters with their applicable
ranges (If a parameter is outside its range, a warning message is printed,
and the calculations are continued with either the input parameter value

or one at the end of the range depending on whether or not extrapolation
is considered acceptable for that particular parameter.)

3.2 OPTIMIZATION CODE FEATURES

The optimization code is the Design Model code coupled with a driver routine. -
The latter calculates the independent parameter values to be used in the Design
Model to search for an optimum configuration. Features of the code are:

o Constant geometry straight and stepped seals can be considered. However,

variable parameters from knife-to-knife or mixed straight and stepped seal
geometries cannot be considered.

o Each independent parameter has a default range which may be overridden.

Even the correlation parameter ranges may be overridden if desired.

o An independent parameter may be held constant (by inputting both its mini-
mum and maximum values equal to the one desired).

o An optimum configuration may be determined for both seal types and both
directions for the stepped seals. Any subset of these may be considered.

o Before optimization is attempted, the parameter values and ranges are
checked to be sure a solution is possible, e.g., a solution is impossible
if Lmax is less than the minimum KP divided by the maximum KN. 1If a
solution does not exist, information is printed describing the problem and
the execution of the data set is halted.
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0 Intermediate output information is given for each combination of discrete
variables employed. This output information includes algorithm parameter
values, derivatives of the optimized function with respect to each contin-

uous variable, and comparisons of the continuous variable values with the
allowable ranges.

o Final output information includes sensitivity results for each discrete

variable step and summary data of the optimum seal configuration desig-
nated.

The output information not only defines the optimum seal configuration but in-
dicates the effect, if any, of imposing each constraint. Also, the improvement
in decreased leakage of the optimum configuration compared to the other possi-
ble configurations is given. This information can be used to assess the pen-

alty caused by each 1imiting constraint and the penalty for choosing an alter-
nate design.
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4.0 COMPUTER PROGRAM SYSTEM CAPABILITIES FUNCTION DESCRIPTIONS

The purpose of the computer program SEALKTK is to compute leakage and internal
pressure distribution for various labyrinth seal configurations. The program
accomplishes this by calculating a number of dimensionless parameters from the
input seal geometry description and applying these parameters to loss equa-

tions developed from correlation of empirical data. A detailed description of
the equations and their derivations has been given in Section 2.0 of this re-

port. SEALKTK can also be used to determine an optimum seal configuration.

This section of the USER'S MANUAL presents a description of the computer pro-
gram. Each of the subroutines is described individually and flow charts are
provided to illustrate the calculation procedure.

4.1 MAIN PROGRAM

The main program serves as an executive program for initialization and program
control (See flow chart in Appendix D). The main program reads most of the
input data and initializes seal geometric parameters. Based on the seal non-
dimensional parameters computed and the type of seal, straight versus stepped,
the appropriate subroutines are called to obtain the loss coefficients to be
used in the knife-to-knife calculation. Then the loss calculation is called
to determine the leakage flow and flow characteristics (flow function versus

pressure ratio) for the overall seal including the internal pressure
distribution.

The input variables are defined in Section 5.0. The individual subroutines
called are described later in this section.
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4.1 Flow Chart

Read
IPRINT, ICURVE, ICMTYP,
NOW, NOSETS, GG, XM, PZ

NO Call GAMCAL

|

Set Initial
Values

|

Read
PT(1), ALENGTH, DMIN, DMAX,
ARFACT, ALPHA, PRAT, OPTIM

Initialize Knife
Geometric Parameters

Read Knife Geometry for All Knives
CL, AKR, AKT, AKP, AKH, ASH, ADTC, AKTH, ADBETA,
DIA, ROUGH, TR, KCCO, KECO, A4FLOD

Read Flow Rate Values
WVAL

OPTIM = OPTM YES
NO \7Call OPTSUB\
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|

Compute Geometric Seal
Description from Input Values

|

Set Up Restriction Data
for Each Curve

Calculate ALPHA for Straight Seals
or XMUL for Step Seals

Check Range of Geometry Input and
Compare to Data Base Range

l

Calculate XMUL for Step
and Mixed Seals

I

Correct XMUL for LTSD if Required

Calculate ALPHA for Straight
and Mixed Seals

Modify Areas to be Referenced to Unity,
if so Desired

Modify Areas for XMUL Values

Print Input

|

Call INCHEK

Call CHOKEC

I

Call FCURVE
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4.2 SUBROUTINE CHOKEC

Calculation of choke point or flow to give a desired pres

method of interval ha]ving.

4.2 Flow Chart

Call FLOWCL

Adjust
Flow
Value
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Flow Choked

Print Output
Data at Choke
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4.3 SUBROUTINE FCURVE
Calculation of flow curve given the choke point.

4.3 Flow Chart

Call FLOWCEJ

NO Flow
Choked

YES

Print Flow
Curve
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4.4 SUBROUTINE FLOWCL

Calculates the resistance to flow, i.e. pressure loss, for a labyrinth seal

given the flow rate.

4.4 Flow Chart

Call PSCAL

Call AKCAL
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4.5 SUBROUTINE AKCAL

Calculates loss coefficients for the labyrinth seal based on correlated loss

parameters.

4.5 Flow Chart

Data Tables

A NO

Calculate Kc

Call MTABLU

Calculate Kvf

RETURN
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4.6 SUBROUTINE PSCAL

Calculates Mach Number and static pressure.

4.7 SUBROUTINE TABLU

Performs a single table look up for y given x with extrapolation permissible
if so specified.

4.8 SUBROUTINE MTABLU

Performs a multiple table look up for y given x and z with extrapolation per-
missible in both directions if so specified.

4.9 SUBROUTINE INCHEK

Calculation to check the range of the input geometric parameters to ascertain

whether they are within the appropriate ranges for which the AMUL and ALPHA*
correlations are based.

4.10 SUBROUTINE GAMCAL

Subroutine to calculate specific heat ratio for air from curve fit EQUATIONS.
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4.11 SUBROUTINE OPTSUB

Subroutine to compute the optimum labyrinth seal geometry given boundary con-

straints. This subroutine reads in additional data to define the optimization

problem and also controls the optimization calculation.

4.11 Flow Chart

OPTSUB

Read Optimization Input Data
XLMAX, HMAX, OTYPE, ODIR, ISRCHP,
IPASSP, WRD1, WRD2, WRD3, D1, D2

Compare Input Data Against
Data Range

Set Up Geometry Where Data
~ was Not Read In

Print Input

Information
OTYPE )ee——— Straight or Both
Step or Both Optimize Straight
Seal
Optimize Step
Seal
Call VMM Call VMM
Call FUNCT Call FUNCT
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ASTLD or Both ODIR

ALTSD or Both

Call VMM

| can FUNCT |

Print Output

4.12 SUBROUTINE CNSDEF

Subroutine to set up the various seal parameters for each pass through the

function evaluation.
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4.13 SUBROUTINE FUNCT

Subroutine to compute the function to be minimized and its derivatives for a

given set of parameter values.

4.13 Flow Chart

[ call CNSDEF |
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4.14 SUBROUTINE VMM

Calculation of the optimum seal, i.e. minimum leakage using the Davidon vari-

able metric method.

4.14 Flow Chart

CAll FUNCT

Compute the Davidon Step, the Base
Point, and the Norm of the Step
at the Base Point

Find the Minimum Along
the Davidon Direction Vector

Call SEARCH
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4.15 SUBROUTINE SEARCH

Subroutine to search along a given direction of parameter changes until a min-

imum is located.
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5.0 USAGE INSTRUCTIONS

5.1 GENERAL FEATURES

Program Langquage

Computer program SEALKTK has been deve]oped and written in FORTRAN IV computer
language for use on IBM and CDC computers.

Calculation Modes

As mentioned in Section 3.0, two calculation modes are available: (1) an
analysis mode where all the seal geometric parameters are specified and (2) an

optimization mode where certain geometric parameters are inputted and the re-
maining ones are determined by optimizing. o

Flow Calculation Options

In the analysis mode, the flow conditons can be specified by inputting a flow
rate or an overall pressure ratio, or by requesting a flow characteristic
curve. In the latter, the choke point is determined by the code and then a-14
point flow characteristic curve (¢ vs. PR) js calculated with the choke

point being the last point. In the optimization mode, a pressure ratio is

specified and the optimum seal criterion is based on the minimum flow rate at
the specified pressure ratio.

Seal Type Options

Straight or stepped seals can be considered with the flow going up or down the
step (LTSD or STLD, respectively). For the analysis mode only, a mixed seal
type can be considered which is a combination of straight and stepped seals.

Also for this mode, a lip can be put in front of the first knife for a stepped
or mixed seal.
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5.2 Description of Input

The FORTRAN code for KTK has been modified to work with the CFD Industrial Codes
framework and to compile under OS/2 using the WATCOM F77 /386 compiler. The
input format was changed significantly. The new Record Types are described below.

The following FORTRAN formats are used in the input:

e IS XXXXX

¢ E124E3 +X.XXXXE+XXX

+ F73 XXX XXX

¢ An Alphanumeric input of upto n characters

The program now requires that the input file be named KTK.INP and reside in the same

directory as the executable file. The name of the output file is supplied as input using
Record Type 1B.

Sample input data sets are listed in Appendix B. The output for the same data sets is
listed in Appendix C.
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Record Type 1A: Options Record

Variable Columns | FORMAT

Description

IPRINT 1 -5 IS5

Print Trigger
IPRINT = 0 Default
> 0 Individual W printed

ICURVE 6 -10 I5

Curve Trigger
ICURVE = 0 No flow curve
> 0 Flow curve calculation

ICVTYP

Print Flow Curve

ICVTYP 0 No flow curve printed
1 Fields of 10

2 Fields of 5

2 Both

voiunonon

NOW 16 - 20 IS5

Flow Calculation Trigger

Now = 0 Choke point calculated or
PR to be input

NOW W values read on
Record Type 6

> 0

NOSETS 21 - 25 I5

Number of data sets (Record Types 4

through 6) to be read before

returning to Record Type 1A.

NOSETS = 0 Return to Record Type 4A
for stacked data sets

NOSETS > 0 Number of data sets

GG 26 - 37 E12.4E3

Fluid Specific Heat Ratio. Default
value is 1.4. If GG > 2.0, GG is
used as a reference temperature to
calculate the specific heat ratio.

E12.4E3

Fluid Molecular weight. Default
value is 28.97.

PZ 50 - 61 E12.4E3

Reference Pressure to calculate
specific heat ratio. Default value
is 14.7 psia.

Record Type 1B: Name of Output File

Name of the Output File (Upto 80 characters). The name may include a fully qualified
path name but should not include the extension. The program automatically appends
an extension ".OUT" to the name. For example, if the user inputs C:\MYDIR\TEST as
the output file name, the program will generate output files C:\MYDIR\TEST.OUT and

CAMYDIR\TEST.FIL.

Record Type 2: First Title Record

TITLE - Title information. Upto 80 characters of alphanumeric data.

Record Type 3: Second Title Record

TITLEC - Title information. Upto 80 characters of alphanumeric data.
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Record Type 4A: Knife Geometry Options and Parameters

Variable | Columns | FORMAT Description
NOKNIF 1 -5 15 Number of Knives
NOKNRC 6 -10 15 Number of knife records (Record Type
5) to be read.
NOKNRC = NOKNIF Mandatory for a
MIXED seal
NOKNRC = 1 Constant Knife Geometry
'~ or optimization mode
TYPE 11 - 15 AS Seal Type
TYPE = 'STEP ' Stepped Seal
= 'STRAI' Straight Seal
= 'MIXED' Mixed Seal
DIRECT 16 - 20 AS Flow Direction
DIRECT = 'LTSD ' or 'STLD ' for
STEPPED seals
DIRECT = ' ' for STRAIGHT and
MIXED seals
AOPT 21 - 25 AS Area Option.
AOPT = 'UNITY' Use unit area for
printed PHI curves
AOPT = ' ' Use calculated
reference area
OPTIM 26 - 30 AS Optimization Trigger.
OPTIM = ' Calculation mode
OPTIM = 'OPTIM' Optimization mode
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Record Type 4B: Knife Geometry Options and Parameters (Cont...)

Variable

Columns

FORMAT

Description

PT(1)

1 - 12

E12.4E3

Inlet Total Pressure (psia).

ALENGH

13 - 24

E12.4E3

Seal Length (in). The seal length
must be 0.0 or left blank for a
MIXED seal.

DMIN

25 - 36

E12.4E3

Minimum Seal Diameter (in).

DMAX

37 - 48

E12.4E3

Maximum Seal Diameter (in).

¢ The seal diameter may also be
read on Record Type 5B. If so,
that value will override DMIN and
DMAX.

* For a STRAIGHT seal, seal
diameter DIA = MAX(DMIN, DMAX).

¢ For a MIXED seal the diameter

must be input using Record Type
5B.

ARFACT

49 - 55

F7.3

Knife radius multiplication factor.
The knife radius read on record type
5A is multiplied by this number to
get the actual knife radius used by
the program.

ALPHA

56 - 62

F7.3

Flow Divergence Angle (deg).

ALPHA is normally set to 0.0 or left
blank to let the program calculate a
value using semi-empirical
correlations.

PRAT

63 - 69

F7.3

Overall seal pressure ratio.

* PRAT may be either greater than
or less than 1. If PRAT is
greater than the choked pressure
ratio, the output results will be
for the choked pressure ratio.

* PRAT must be specified for
optimization mode.

* PRAT is normally 0.0 or blank if
ICURVE > 0 in Record Type 1A. If
PRAT and ICURVE are both > 0, a
flow curve will be calculated
with the pressure ratio of the
last point being PRAT instead of
the choked value.
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Records 5A, 5B, and 5C together constitute a complete set of data for specifying knife
geometry. The program expects to find NOKNRC (see Record Type 4A) sets of knife

geometry data.

Record Type 5A: Knife Geometry Parameters

Variable | Columns | FORMAT Description

CL 1 - 12 E12.4E3 Radial Clearance (in).

AKR 13 - 24 E12.4E3 Knife Tip Radius (in) .
The actual radius used by the
program is AKR*ARFACT.

AKT 25 - 36 E12.4E3 Knife Tip Thickness (in).

AKP 37 - 48 E12.4E3 Knife Pitch (in).

AKH 49 - 60 E12.4E3 Knife Height (in).

ASH 61 - 72 E12.4E3 Step Height from Previous Knife(in).
STRAIGHT seals: ASH = 0.0
STEPPED seals: ASH = abs (ASH)
MIXED seals: ASH > 0.0 for STLD

) ASH < 0.0 for LTSD

Record Type 5B: Knife Geometry Parameters (Cont...)

Variable

Columns

FORMAT

Description

ADTC

1 - 12

E12.4E3

Distance to Contact (in).

The distance is specified on the
upstream side of the current knife
or the downstream side of previous
knife. ADTC must be BLANK or 0.0
for STRAIGHT seals.

AKTH

13 - 19

F7.3

Knife Angle (deg).

The angle is specified relative to
the upstream surface. AKTH is 90
deg for a vertical knife.

AKBETA

20 - 26

F7.3

Knife Taper Angle (deg).

If the taper angle is different on
the two knife faces, then AKBETA =
2.0*upstream taper half angle.

DIA

E12.4E3

Knife-tip Diameter (in).

* If DIA > 0.0 for STEPPED seals,
the value will override DMIN and
DMAX specified in Record Type 4B.

* DIA must be specified for a MIXED
seal.

ROUGH

E12.4E3

Land Roughness (vin).

TR

61 - 67

F7.3

Fluid Temperature (R).

NASA/CR—2003-212367

37




Record Type 5C: Knife Geometry Parameters (Cont...)

Variable | Columns | FORMAT Description
KCCO 1 -5 15 Carryover trigger on knife inlet side.
KCCO -1 No carryover

KCCO 1 Consider carryover
KCCO 0 Program will decide
KECO 6 - 10 15 Carryover trigger on knife exit side.

KECO = -1 No carryover
KECO = 1 Consider carryover
KECO = 0 Program will decide

A4FLOD 11 - 17 F7.3 Frictional loss Head factor

A4FLOD = 0 No friction

A4FLOD > 0 Friction loss instead of
Kvf type loss

Record Type 6: Flow Rate Values

Record Type 6 is used to input a flow curve with NOW values specified in Record Type
1A. Use as many records of this type as needed to input the flow curve. This record
type is required only if NOW > 0.

Variable | Columns | FORMAT Description
WVAL 1 - 12 E12.4E3 Flow Rate (lbm/sec).

13 - 24 E12.4E3

25 - 36 EI12.4E3

37 - 48 E12.4E3

49 - 60 E12.4E3

61 - 72 E12.4E3
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Records 7 through 10 are required only if Optimization Mode - OPTIM ='OPTIM' - is
specified in Record Type 4A.

Record Type 7: Optimization Constraints

Variable Columns | FORMAT Description
XLMAX 1 - 12 E12.4E3 Maximum Overall Seal Length (in).
HMAX 13 - 24 E12.4E3 Maximum Seal Height (in).
OTYPE 25 - 29 AS Seal Type to be optimized.
OTYPE = 'STRAI' for Straight seals
OTYPE = 'STEP ‘' for Stepped seals
OTYPE = 'BOTH ' for both Straight
and Stepped seals
ODIR 30 - 34 AS Flow direction for Stepped seals.
ODIR = 'STLD ', 'LTSD ', or 'BOTH '
for STEPPED seals
ODIR = ' ' for all other seals
ISRCHP 35 - 39 I5 Extended Optimization Printout.
ISRCHP = 0 Normal Printout
ISRCHP = 1 Extended Printout
IPASSP 40 - 44 15 Extended Optimization Printout.
IPASSP = 0 Normal Printout
IPASSP = 1 Extended Printout
IWPRNT 45 - 49 I5 Extended Optimization Printout.
IWPRNT = 0 Normal Printout
IWPRNT = 1 Extended Printout

Record Type 8: Optimization Parameter Limits

The optimization limits input by the user override the default values built into the
program. Input only those values which are to be overridden. The program will warn

you if the input values are outside the admissible range for the database of empirical
data used in the program.

Variable | Columns | FORMAT Description

WRD1 1 -8 A8 Seal Parameter.
WRD1 = 'KT' for knife tip thickness
WRD1 = *'KP' for knife pitch
WRD1 = 'KH/KP' for ratio of knife

height to knife pitch
WRD1 = 'SH' step height
WRD1 = 'KTHETA' for knife angle
WRD1 = 'ROUGH' for land roughness
WRD1 = 'KN' for number of knives
9 - 20
D1 21 - 32 E12.4E3 Minimum limit.
D2 33 - 44 E12.4E3 Maximum limit
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Record Type 9: Database Range Constrains

Optimization is performed within range constraints for certain parameters to ensure
that the calculations remain within the range of the database used by the program. The
accuracy of the design model predictions outside the database range is unknown.

Therefore, modifications to the database range constraints should be done with caution.

Variable | Columns | FORMAT Description
WRD1+WRD2 1 - 12 A8+A4 Seal Parameters.
¢ 'KT/CL' for ratio of knife tip
thickness to clearance
¢ '(KP-KT/KH)' for ratio of knife
pitch minus knife tip thickness
to knife height
* 'KH/CL' for ratio of knife height
to clearance
* 'DTC/(KP-KT)' for ratio of
distance to contact to knife
pitch minus knife tip thickness
¢ 'DTC/CL' for ratio of distance to
contact to clearance
* 'SH/CL' for ratio of step height
to clearance
WRD3 13 - 16 Ad Flow direction for STEPPED seals
17 - 20
D1 21 - 32 E12.4E3 Minimum range constraint.
D2 33 - 44 E12.4E3 Maximum range constraint.

Record Type 10: End of Optimization Parameter Limits

Variable

Columns

FORMAT

Description

WRD1

1 -3

A8

WRD1 = 'END'
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5.3 Description of Output

The Design Model code printed output provides a detailed description of the
seal geometric parameters and the predicted aerodynamic performance. A list-
ing of a sample output data set is given in Appendix "C". The output associ-
ated with a seal that is being optimized differs significantly from a non-
optimized seal. Therefore, the two outputs will be discussed separately.

Non-Optimized Output

A description of the output corresponding to sample datasets 1 through 3 in
Appendix "C" is presented in the following paragraphs. An overview is pre-

sented first, followed by a more detailed description of the output.

The first section of the output echoes some of the parameters inputted on
record types 1 through 4 for quick reference. The second section, "KNIFE
GEOMETRY DATA", lists the geometric parameters associated with each knife of
the seal. The third section, labelled "INPUT DATA RANGE CHECK", records the
results from a check of the input data againsf the data ranges used in the De-
sign Model correlations. Warnings are issued when input data forces an extra-
polation outside the empirical data range. If a seal parameter is outside the
empirical range, this output section is printed before the first section de;
scribed above. The next section of the output lists the aerodynamic parameters
for each of the three flow “"stations" associated with each knife. The values
shown correspond to the choked flow condition unless a seal flow or pressure
ratib js specified in the input. The fifth and final output section is
labelled "FLOW CURVE" and prints the values which make up the flow curve for
the seal (if applicable). The flow curve (a function of pressure ratio and W
T/PtA) is printed out in standard and elliptical coordinates.

The "KNIFE GEOMETRY DATA" is printed for the three stations of each knife.
The first sixteen column headings correlate closely with the input variable
names discussed in Section 5.2 of this report. The remaining column headings,

beginning with "DEL C", identify the values for other parameters determined by
the code as listed below:
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DEL C: Radial expansion of flow jet between knives used to calculate
contraction area ratio

DEL E: Radial expansion of flow jet between knives used to calculate
expansion area ratio
AREA MULT: Area multiplier on flow area for stepped seals

ALPHA: Jet expansion angle used for carry-over calculation

The "INPUT DATA RANGE CHECK" is printed after the "KNIFE GEOMETRY DATA" except
when a knife parameter is outside the empirical data range. In such cases
this section is printed at the beginning of the output to draw attention to
the warning messages printed. The output consists of: the knife parameter
being considered, the minimum value of the empirical data, the value input (or
calculated) for the knife, and the maximum value of the empirical data. As-
terisks are printed near the minimum or maximum value of the knife parameter
when the minimum or maximum value (respectively) of the data base has been ex-

ceeded. A warning message is printed to this effect.

The fourth section of output 1ists the aerodynamic performance data predicted
by the Design Model for each knife station. The column headings are defined
below beginning with the third column.

AREA: The flow area over the knife tip calculated by the equation:
A = o * DIA * CL * AREA MULT (sqg. in.)
TEMP: The temperature of the air entering the seal as inputted (°R)

WRT/PTA: Flow function W */Tin / Ptin * Aref (1bm\JR/sec/1bf)
WRT/PSA: Flow function W *\Tin / Psin * Aref (1bmW¢R/sec/]bf)

4FL/D: Friction factor calculated for the seal land

KFACT: Corrected dynamic head loss factor (K-factor)

LOSS TYPE: Pressure loss mechanism (sudden contraction, "long hole", sudden
expansion)

PT: Total pressure (1bf/in**2)

PS: Static pressure (1bf/in**2)

MN: Mach number
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KFACT METHOD: Method of calculating total pressure loss (total

pressure minus static pressure or 1/2 * density *

velocity**2)
PARM: Correction parameter
AMUL : Multiplier on the "XKUNC" to calculate corrected dynamic head
loss factor
ADDER: Quantity added to the quantity "XKUNC" times "AMUL" to calculate
corrected dynamic head loss factor
XKUNC: Uncorrected dynamic head loss factor

MOD AREA: Modified flow area calculated by multiplying "AREA MULT" (from
KNIFE GEOMETRY DATA printed output) by "AREA"

The final section of printed output is labelled "FLOW CURVE" and prints the
coordinates of a curve relating w(??ﬁ?PtAref to seal pressure ratio. Also
shown are coordinates for curves relating a function of pressure ratio to
functions of NV??E7PtAref in elliptical coordinates. Coordinates for a flow
curve relating WJ??E7PtAref and pressure ratio are also "punched" out on

Fortran I1/0 unit 7. The row heading§ are defined below:

PR: Seal pressure ratio

PHI: Flow function (N(??;}PtAref)

1.-1./PR**2: One minus the reciprocal of seal pressure ratio squared
PHI**2: Flow function (NV?;;}PtAref) squared

R/G * PHI**2: Gas constant for air divided by the gravitational constant
times flow function (NVTin/PtAref) squared

Optimized Output

A description of the output corresponding to sample data set 4 in Appendix "C"
is presented in the following paragraph.

The first section of output prints the input values for the variables on input
record type 7 as described in section 5.2 of this report. The second section
of the printout lists some of the information inputted on record types 1
through 4. The third section, "KNIFE GEOMETRY DATA", 1lists the geometric
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parameters associated with each knife of the seal for the maximum number of
knives allowed by input. The fourth section lists some information relating
to the first optimization iteration. The fifth output section ("KNIFE GEOMETRY
DATA") 1lists knife geometric data for the initial optimization configuration.
The resulting calculated flow rate is then printed followed by a table of
aerodynamic parameters for each knife station for the configuration being con-
sidered. The seventh section lists the optimum value for each seal parameter
with the range associated with each (set by input or default). Parameters
that are "binding constraints " are flagged. Output sections 4 through 7 are
repeated each time the number of seal knives is indexed. The last section of
output Tists the seal input parameters that are not optimized and summarizes
the optimized knife configurations. The optimum seal configuration (i.e.
minimum leakage flow) is flagged.
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7.0 LIST OF SYMBOLS

SYMBOL DEFINITION UNITS

A Cross-sectional area 1n.2

At Flow area between the seal knives and land, seal throat in.2

CL Clearance between seal knives and land in.

DTC Distance-to-contact: axial clearance between knife and in.
Jand, undefined for constant height straight-through seals

f () Function of the variables ( )

f Fanning friction factor

9. Standard gravitational acceleration mass conversion factor 1bmft/1bb

H Seal height in.

H Hydraulic diameter, = %A ’ in.

Kc Cont-action coefficient

Ke Expansion coefficient

Kf Wall friction loss coefficient

KH Knife height in.

KN Number of knives

KP Knife pitch in.:

KR Knife tip radius in.

KT Knife tip thickness in.

K ¢ Venturi-friction coefficient

KB Knife taper angle deg, °

Ke Knife slant angle deg, °

L Length of the seal in.

LTSD Leakage flow direction from the large-to-small seal diameter

M Mach number

p Wetted perimeter of duct in.

PS Local static pressure psia

PD Seal plenum downstream pressure psia

PR Seal pressure ratio, PU/pD

Pt Local total pressure psia
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LIST OF SYMBOLS (con't)

SYMBOL DEFINITION UNITS
PU,P] Seal plenum upstream pressure psia
r PD/PU

| _ 1bf ft
R Gas constant TE;—;E—
Re Streamwise Reynolds number, B%ﬂ
SH Step height in.
STLD Leakage flow direction from the small-to-large seal diameter
T Local total temperature °F
TU Seal upstfeam plenum temperature °R
Vv Leakage gas velocity ft/sec
W Seal airflow rate 1bm/sec
XMUL Area correction factor for clearance above a knife which

is downstream of a step

« jet expansion angle

deg, °
Y Ratio of specific heats
$ jet expansion height in.
€ Land surface roughness w in.
]bm
H Fluid dynamic viscosity fT sec
W Conventional transcendental number, ratio of circular
circumference to diameter
! m
p Density e
ft
1/2
) w-\/TU ' ]bm °R
¢ = Airflow parameter —_—
pUAt 1bf sec
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8.0 APPENDIX "A": DESIGN MODEL CORRELATION EQUATIONS

Compressible flow equations applied at the knife throat are:

the isentropic pressure relationship

-

y - 1
t (: -1 {)
— =(1 + M
PS 2

combined with the compressible flow equation of SAINT VENANT-WANTZEL,

1 -1

Y Y
Y LT S A
RGy - 1) \ Py P

o

in the form

9.Y M
o= N —— N
_ 2(y-1)
(1 + 12—] HZ)

The drop in total pressure between any two stations in the flow is:

-x X 2 :

APt = KC ? PS M contraction loss
_ Y 2 . C s

APt = va 2 PS M venturi and friction loss
= P, - P i '

APt Ke ( t ) expansion loss

Figqure A-1. Basic flow equations used in the Design Model.
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Ke = 1.0
va = f(¢,KT/CL)
Figure A-3: 0.77 < KT/CL < 3.3, but good for 0.0 < KT/CL < 3.3
[Derived from Kearton and Keh data for Kc = 0.70 (KR very
small)]
0.25
_ _ _ 2(CL KR
Kc @ 90° = 0.741. EXP C] C2 ¢ (KR) + C3 (CL
where KR - in. from Data Source
0.0 KEARTON & KEH (5)
0.00167 Allison
0.005 KOMOTORI & MIYAKE (3)
0.005 HARRISON (6)
0.010 CAUNCE & EVERITT (7)
KC = KC @ 90° for Ke = 90°
Kc = KC @ 90° x [1. - C4 (Ke - 90°)] for Ke >90
[from IDEL'CHIK (1)]
KC = KC @ 90° + C5 [1. - SIN (K9)] for 30° < K6 < 90

[from Allison plus MEYER AND LOWRIE data (8)]

NOTE: Ke is actual front surface angle relative to the flow direction so that

Ko = 90° + KB/2 when the specified knife angle is vertical or beyond,
Ke > g0°.

Cn = constant, the value of which is given in the program listing
for the Design Model, Appendix "D".

Figure A-2. Loss coefficient correlations for a single-knife seal.
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1.1

1

KT/CL
Lok 0.77

0.9

i

0.8 1.58

0.6

L

0.4

0.3 3.28

0.21

0.1}

0 1 - 1 | 1
0.20 0.25 0.30 0.35 0.40 -0.45 0.50
¢ —-lbmw/‘TRllbf sec

Figure A-3 Venturi-friction coefficient from Kearton and Keh data.
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~
o
1
~
—
Y

oo T 3

§ = (KP-KT)/[Tan kB + (1/Tan «)] K6 = 90 deg
§ =~ (KP-KT) Tan a a < Ko < 90 deg

Figure A-4 Schematic of the flow expansion angle for a straight seal.

NASA/CR—2003-212367 52



Ao 4////14/{//[//J
NN / .
Y b
\(// VA SNVt -
I V,— A
Al ""'""'Vl B L R 2 2
e e Ui B
l /// T ;‘ ..
7777777777 / "
/ \
KT —

JIT T 77777777 777
SuppeN CONTRACTION

T A
Ke =KCP- ﬁ]
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SUDDEN EXPANSION )

A

Ke =Ke|l-

Figure A-5 Effect of upstream and downstream area on loss coefficient.
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JET EXPANSION ANGLE

. [ xp—kT
* 7 Ve KH

0.54 < KE;KT < 4.0

for

Average deviation = 25%

C6 = constant. The value of this constant is given in the program
1isting for the Design Model, Appendix "D".

WALL ROUGHNESS

va = va smooth (Correction for upstream and downstream knives) + Kf rough
where
Kf rough = f (e/H, Re, KP)

CL + ¢
Ay = At smooth < CL >

Figure A-6. Straight seal correlations in the Design Model.

NASA/CR—2003-212367 54



STEPPED SEAL AREA MULTIPLIER, XMUL

STLD Flow Direction

Cq ¢y 10
XMUL = C (DTC/CL) (KT/CL) © (DTC/(KP-KT)) ° (KH/CL)

c c
((KP-KT)/KH) ' (sH/cLy 12 // (0TC/CL)2 ¢y

0.85 < DTC/CL < 40, 0.21 < KT/CL £ 2.6, 0.09 < DTC/(KP-KT) < 1.0,
5.1 < KH/CL <19.4, 1.16 < (KP-KT)/KH < 1.76, 2.0 < SH/CL < 29.4
LTSD Flow Direction
C]S

XMUL = XMULSTLD (:]4 (KH/CL)
4.0 < DTC/CL < 19.4, 0.50 < KT/CL < 1.5, 0.35 < DTC/(KP-KT) < 0.50
5.1 < KH/CL < 28, 1.02 < (KP-KT)/KH < 1.9, 4.0 < SH/CL <12.5
Note: The 1limits on the seal parameters result from the range of the seal

geometries used in developing the correlation equations.

WALL ROUGHNESS

Kee = Ko ™ %¢ rough

K¢ rough = f(e/H. Re, KT)

A CL+c
t - t smooth

Figure A-7. Stepped seal correlations in the Design Model.

NASA/CR—2003-212367 55






Appendix B: Sample Input Data

Sample dataset 1 is for a straight labyrinth seal:

0

1

1

0

1 1.3600e+000 2

\CFD\OUTPUT\KTK\datasetl
Straight Labyrinth Seal

Data set #1

5

0

1STRAI
3.5000e+001 0.0000e+000 2.6000e+000 0.0000e+000 0.001 0.000 0.000
5.0000e-003 1.7000e+000 1.0000e-002 4.0000e-002 3.0000e-002 0.0000e+000
0.0000e+000 90.000 20.000 0.0000e+000 0.0000e+000900.000

0

0.000

.8970e+001

Sample dataset 2 is for a mixed labyrinth seal:

0

1

1

0

1 1.3600e+000 2

\CFD\OUTPUT\KTK\dataset2
Mixed Labyrinth Seal

Data set #2

3

1.

= 0

e}

4

4MIXED

.5000e+001 0.0000e+000 0.0000e+000 O.
9.

0000e-003 1.7000e+000 1.0000e-002 1.
6000e-001 90.000 20.000 3.1000e+000

0

0

0

0

0

0

0

0

0.000

0.000

0.000

0.000

NASA/CR—2003-212367

.0000e-003 1.7000e+000 1.0000e-002 1.
.6000e-001 90.000 20.000 3.1000e+000

.0000e-003 1.7000e+000 1.0000e-002 1.
.7000e-001 90.000 20.000 2.9400e+000

.0000e-003 1.7000e+000 1.0000e-002 1.
.6000e-001 90.000 20.000 2.8000e+000

57

.8970e+001

0000e+000 0.001 0.000 0.000
6000e-001 1.9000e-001 0.0000e+000
5.0000e+001900.000

6000e-001 1.9000e-001 0.0000e+000
5.0000e+001900.000

6000e-001 1.9000e-001 8.0000e-002
5.0000e+001900.000

6000e-001 1.9000e-001 8.0000e-002
5.0000e+001900.000



Sample dataset 3 is for a stepped labyrinth seal:

0 1 1 0 1 1.3600e+000 2.8970e+001
\CFD\OUTPUT\KTK\dataset3

Stepped Labyrinth Seal
Data set #3
4 4STEP LTSD

.5000e+001 0.0000e+000 0.0000e+000 0.0000e+000 ©0.001 0.000 0.000

3
9.0000e-003 1.7000e+000 1.0000e-002 1.6000e-001 8.0000e-002
3.4000e-001 90.000 20.000 3.3200e+000 5.0000e+001900.000

0 0 0.000
-0000e-003 1.7000e+000 1.0000e-002 1.6000e-001 8.0000e-002
1.6000e-001 90.000 20.000 3.2200e+000 5.0000e+001900.000

0 0 0.000
.0000e-003 1.7000e+000 1.0000e-002 1.6000e-001 8.0000e-002
1.6000e-001 90.000 20.000 3.1200e+000 5.0000e+001900.000

0 0 0.000

9.0000e-003 1.7000e+000 1.0000e-002 1.6000e-001 8.0000e-002

1.6000e-001 90.000 20.000 3.0200e+000 5.0000e+001900.000
0 0 0.000

\\e]

\\e}

Sample dataset 4 is for an optimized straight labyrinth seal:

0 1 1 0 1 1.3600e+000 2.8970e+001
\CFD\OUTPUT\KTK\dataset4
Straight Labyrinth Seal Optimization
Data set #4

5.0000e-002

5.0000e-002

5.0000e-002

5.0000e-002

0.0000e+000

5 1STRAI UNITYOPTIM
3.5000e+001 0.0000e+000 2.6000e+000 0.0000e+000 0.001 0.000 1.079
8.0000e-003 1.7000e+000 1.0000e-002 1.0000e-001 8.0000e-002
0.0000e+000 90.000 20.000 0.0000e+000 0.0000e+000900.000
0 0 0.000
5.0000e-001 2.5000e-001STRAI 0 0 0
KT 9.0000e-003 2.0000e-002
KPp 3.5000e-001 6.0000e-001
KTHETA 4.5000e+001 9.0000e+001
ROUGH 3.0000e+001 3.0000e+001
KN 6.0000e+000 6.0000e+000
END
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Appendix C: Sample Output Data

The program outputs listed on the following pages was generated from the datasets
listed in Appendix B.
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